Surface features such as soil moisture and vegetation have a profound impact on the surface energy balance and the atmospheric boundary layer. To quantify this effect for a tropical location, a detailed field experiment, VEBEX, was designed and successfully executed in a tropical site at Bangalore, India. VEBEX was a joint experiment between the North Carolina State University, Indian Institute of Science (IISc), and the University of Agricultural Science (UAS) at Bangalore, India. Continuous surface meteorological measurements were taken over an entire crop period (pre-sowing to post-harvest). During different stages of the plant growth, intensive observations of surface turbulence, and measurements of physiological and soil moisture measurements were also conducted. The results obtained provide an insight into the unusually strong variability for the tropics. Interpretation of the observations and an overview of the analysis procedure and future research initiatives are also presented.
Introduction
One of the pivotal components of present research efforts is to improve numerical model performance by accurately understanding and representing the effects of soil moisture and vegetation changes in the boundary layer. Consequently, various vegetation and soil moisture schemes are being used for soil vegetation atmosphere transfer (SVAT) studies. Some examples of such SVAT schemes for general circulation models (GCMs) are, Jarvis (1976); BATS (Dickinson et al 1986) ; SiB (Sellers et al 1986) ; SSiB (Xue et al 1991) ; Viterbo and Beljaars (1995) ; PLACE (Wetzel et al 1995) ; SiB2 (Sellers et al 1996) . Examples for the planetary boundary layer (PBL) or mesoscale analysis include, Deardorff (1978) ; Noilhan and Planton (1989); Acs (1994); and Alapaty et al (1997a) . Some of the recent studies are at the microscale, to evaluate the plant-to-plant response and leafscale interactions, using observational (Niyogi and Raman 1997; Katul et al 1997) as well as modeling approaches (cf. Baldocchi 1994; Nikolov et a11995; Su et al 1996; Niyogi et al 1997a) . The SVAT schemes, though developed from sound physics and understanding of the biosphere-atmosphere mechanisms, need to be simplified (and often tuned) through empirical equations, 'constants', and regionally representative features. For example, in Noilhan and Planton (1989) , much of the physiological simplification and 'tuning' is done based on the empirical relations developed from HAPEX-MOBILHY observations (Andr~ et al 1986) . Such a scheme could thus be a better representative of a mid-latitudinal geography and pasture-like landscape with relatively abundant moisture availability (consistent with HAPEX). Such empirical simplifications however, may not have an ubiquitous applicability, for they represent a somewhat limited (as against global) hydrological and landscape regimes. Thus, any biospheric scheme developed needs to be evaluated tested with global datasets. Unfortunately, such a global dataset is not available with the same information and high resolution, so as Keywords. Planetary boundary layer; biosphere-atmosphere interaction; SVAT; tropics; field experiment. VEBEX was designed to understand the significant energy balance features in the tropics through micrometeorological field measurements. This field program, as in the earlier other experiments, was designed to achieve several objectives. Some of the expectations from VEBEX included: 9 validation of existing land surface and vegetation/ SVAT schemes, 9 development of 'constants' or 'tuning' of the simplified models, statistical or empirical equations based on local (tropical) landscape and geography, 9 development of a coupled physiological-hydrological-meteorological modeling framework, 9 evaluate, and interpret the tropical hydrological cycles for diurnal, seasonal and inter-annual changes, with parallel measurements of soil moisture, temperature, plant-scale transpiration and soil evaporation, 9 experimentally quantify the changes in the surface turbulence as a function of the surface features such as soil moisture and vegetation resistance and roughness (using spectral and energy balance approach) and 9 increase the strength of the existing global dataset through information on climatic parameters on physiological processes such as stomatal behavior, evapotranspiration and photosynthetic and nutrient control.
The attainment of the above mentioned objectiVes for the tropics, is a useful step in PBL/SVAT modeling for the tropics. The tropics cover nearly 50% of the earth's surface and ecological features. The dynamics of the tropical atmospheric flows in tropics, is known to be different than in the midlatitude flows. Even the sustainability, and plant-to-plant response may be much more non-linear than one perceives for the midlatitudes (cf. Meinzer et al 1995; Hacker and Bertness 1995). Thus similarly, in terms of the biosphere-atmosphere interaction, our present knowledge is rudimentary and patchy. The harshly contrasting regimes, induced by the dry and wet spells through the monsoon, are the key features of the tropical domain. Under these regimes, various significant surface changes (such as soil moisture change from wilting to saturation, and rapid plant and vegetation growth from earlier barren landscape) take place. Understanding of these regimes and their interactive effects cannot be developed from observations made in midlatitudes. Hence GCM and PBL studies in the tropics have always been assigned a high degree of uncertainty in terms of their predictions. Consequently, the genesis of VEBEX lies in the need to develop an understanding of some of the biosphere-atmosphere processes in tropics using in situ micrometeorological observations and field measurements.
Experimental setup
The observation setup for VEBEX included micrometeorological instrumentation, data acquisition, and physiological and soil surface related measurements. In collaboration with the University of Agricultural Science (UAS) at Bangalore (12.59~ 77.40~ an experimental agricultural field of about 5.0 x 105 m 2 was assigned for this study. Within this field, two adjacent plots were selected for the tower observations. One plot was maintained bare while the other had vegetation during the course of the study. The crop grown was Dolichous Biflorus (horse gram). Each of these plots had a 6m tower. (Details of atmospheric instrumentation installed on the towers is given in table 1). Some of the motivating factors for keeping the two experimental plots contrasting (bare against vegetated) were: (a) the difference in the surface layer features could be due to different surface forcing alone (such as changes in vegetation cover, LAI, stomatal resistance and soil moisture change), (b) the need for developing an independent dataset for bare soil surface turbulence, and hydrology, (yet another feature not too well understood for the tropics), (c) to assist data quality control by using spectral and turbulence checks developed for bare surfaces (cf. Kaimal and Finnigan 1994) (d) to utilize advanced data analysis procedures using statistical techniques such as Factor Separation (Stein and Alpert 1993), or Fractional Factorial approach (Henderson-Sellers 1993; Niyogi 1996; Niyogi et al 1995 Niyogi et al , 1996 Niyogi et al , 1997b or Response Surface techniques (Niyogi et al 1997c, d) applied successfully for land surface schemes. These techniques require a 'base state' data for analyzing the indirect and interactive effects and developing or testing statistical hypotheses (see Niyogi 1996 for details). Other aspects one could achieve with the combination of vegetated and bare plot are (a) estimating effective fluxes or area averaging of the fluxes (b) evaluate turbulence kinetic
